A b s t r a c t T h i s paper reviews t h e s t a t u s of t h e superconduct i n g heavy-ion a c c e l e r a t o r s . Most of them a r e l i n a c s used a s b o o s t e r s f o r tandem e l e c t r o s t a t i c a c c e l e r at o r s , a l t h o u g h t h e technology i s being extended t o very low v e l o c i t y t o e l i m i n a t e t h e need f o r an i n j e ct o r .
T h i s paper reviews t h e s t a t u s of t h e superconduct i n g heavy-ion a c c e l e r a t o r s . Most of them a r e l i n a c s used a s b o o s t e r s f o r tandem e l e c t r o s t a t i c a c c e l e r at o r s , a l t h o u g h t h e technology i s being extended t o very low v e l o c i t y t o e l i m i n a t e t h e need f o r an i n j e ct o r .
The c h a r a c t e r i s t i c s and f e a t u r e s of t h e v a r i o u s superconducting heavy-ion a c c e l e r a t o r s a r e d i s c u s s e d .
I n t r o d u c t i o n T h i s paper reviews t h e s t a t u s of r f superconduct i v i t y a s a p p l i e d t o heavy-ion a c c e l e r a t o r s . While a major amount of e f f o r t i n r f s u p e r c o n d u c t i v i t y i s d i r e c t e d towards high-energy a c c e l e r a t o r s , t h e i s s u e s a s s o c i a t e d w i t h heavy-ion a c c e l e r a t o r s a r e q u i t e d i ff e r e n t , and t h e o p t i o n s and c h o i c e s a v a i l a b l e t o t h e
a c c e l e r a t o r d e s i g n e r are more numerous and v a r i e d . U n t i l r e c e n t l y , t h e r f superconducting technology f o r heavy-ion a c c e l e r a t o r s could be considered as being more mature t h a n i t s c o u n t e r p a r t f o r high-energy a c c e l e r a t o r s , s i n c e a l a r g e r number of machines have been o p e r a t i o n a l f o r a l o n g e r time.
The main d i f f e r e n c e s between t h e two a p p l i c a t i o n s come from t h e f a c t t h a t heavy-ion a c c e l e r a t o r s must a c c e l e r a t e e f f i c i e n t l y p a r t i c l e s which t r a v e l a t a v e l o c i t y much s m a l l e r t h a n t h a t of l i g h t p a r t i c l e s , whose v e l o c i t y changes along a c c e l e r a t o r , and a l s o d i f f e r e n t p a r t i c l e s which have d i f f e r e n t v e l o c i t y p r o f i l e s .
Heavy-ion superconducting a c c e l e r a t o r s o p e r a t e a t f r e q u e n c i e s which a r e lower than high-energy supercond u c t i n g a c c e l e r a t o r s .
Since t h e rf l o s s e s a s s o c i a t e d w i t h t h e superconducting s t a t e i n c r e a s e roughly quad r a t i c a l l y w i t h frequency, t h e r f superconducting technology d i d not need t o be pushed a s f a r t o f i n d u s e f u l a p p l i c a t i o n s f o r heavy-ion a c c e l e r a t o r s .
A thorough review of t h e h i s t o r y of superconducting l i n e a r a c c e l e r a t o r s and of t h e t e c h n i c a l i s s u e s a s s o c i a t e d w i t h them can be found i n Ref.
1.
A review of t h e s t a r t of t h e a r t of r f s u p e r c o n d u c t i v i t y i n g e n e r a l , i n c l u d i n g high-energy a c c e l e r a t o r s , can be found i n Ref. 2.
Basic F e a t u r e s of Superconducting Booster L i n a c s U n t i l very r e c e n t l y , a l l heavy-ion l i n a c s were used a s b o o s t e r s f o r e l e c t r o s t a t i c a c c e l e r a t o r s . S i n c e t h e e l e c t r o s t a t i c a c c e l e r a t o r s were, i n most i n s t a n c e s , p a r t of e x i s t i n g f a c i l i t i e s , t h e b o o s t e r s had t o be designed t o f i t i n t h e s e f a c i l i t i e s which e x p l a i n s t h e sometimes convoluted and less t h a n optimal l a y o u t of t h e r e s u l t i n g tandem-linac systems.
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While o t h e r a c c e l e r a t i n g systems e x i s t which can produce h i g h i o n beam e n e r g i e s , such as c y c l o t r o n s , superconducting l i n a c s o f f e r a range of c h a r a c t e r i st i c s which make them a t t r a c t i v e f o r n u c l e a r p h y s i c s r e s e a r c h .
The f i r s t c h a r a c t e r i s t i c i s t h e a b i l i t y t o pres e r v e t h e e x c e l l e n t beam q u a l i t y provided by t h e tandem a c c e l e r a t o r . T h i s i s not a t r i v i a l m a t t e r , s i n c e t h e tandems produce dc beams w h i l e t h e b o o s t e r r e q u i r e s bunched beams extending no more t h a n a few d e g r e e s of r f phase.
The c u r r e n t s produced by t h e tandems are a l s o u s u a l l y q u i t e low and reduced even more by subsequent s t r i p p i n g , so t h e bunching p r o c e s s must be done e f f i c i e n t l y .
The bunching i s u s u a l l y done i n two s t a g e s : a low frequency normal conducting buncher o p e r a t i n g a t s e v e r a l harmonics and l o c a t e d a t t h e e n t r a n c e of t h e tandem, and a h i g h e r frequency o f t e n superconducting buncher a t t h e e n t r a n c e of t h e l i n a c .
A chopper i s a l s o u s u a l l y l o c a t e d between t h e tandem and t h e l i n a c .
Such bunching systems can compress more than 60 p e r c e n t of t h e beam i n t o bunches about 100 p s wide.
The beam q u a l i t y i s preserved along t h e l i n a c by o p e r a t i n g i t i n t h e l o n g i t u d i n a l f o c u s i n g mode.
A rebuncher!debuncher i s l o c a t e d a t t h e o u t p u t of t h e l i n a c , g i v i n g t h e c a p a b i l i t y of producing small time spread o r small energy spread a t t h e t a r g e t .
Another important c h a r a c t e r i s t i c of superconduct i n g heavy-ion l i n a c s i s t h e u s e of s h o r t , independently-phased a c c e l e r a t i n g s t r u c t u r e s . T h i s modularit y r e s u l t s i n an i n c r e a s e d complexity but o f f e r s many advantages:
The v e l o c i t y p r o f i l e along t h e l i n a c can be t a i l o r e d a t w i l l t o accommodate a wide range charge t o mass r a t i o The c a p a b i l i t y of t h e l i n a c i s not l i m i t e d by i t s "weakest link."
A number of r e s o n a t o r s can be turned o f f and s t i l l l e a v e t h e a c c e l e r a t o r f u l l y operat i o n a l a l t h o u g h a t a s m a l l e r o u t p u t energy o r mass range A f a c i l i t y can be put t o use a s soon a s a few r e s o n a t o r s a r e i n s t a l l e d , w e l l b e f o r e f i n a l completion An a c c e l e r a t o r can be e a s i l y upgraded o r r e t r o f i t t e d .
For example, i t s o u t p u t energy can be i n c r e a s e d by adding h i g h e r f ? r e s o n a t o r s a t t h e o u t p u t , or i t s mass range can be extended toward h e a v i e r masses by adding lower 3 r e s o n a t o r s a t i t s i n p u t The o u t p u t energy can be e a s i l y and r a p i d l y changed by v a r y i n g t h e phase of t h e l a s t few r e s o n a t o r s *This work was performed under t h e a u s p i c e s of t h e U.S. Department of Energy under C o n t r a c t W-31-109-ENG-38.
UIS. Government work not protected by U.S. copyright. 0 Short s t r u c t u r e s are e a s i e r t o manufact u r e t h a n l o n g e r o n e s R e l i a b i l i t y and d u r a b i l i t y were major concerns i n t h e e a r l y d a y s of superconducting b o o s t e r s . These concerns have now been put t o rest. Superconducting s t r u c t u r e s , both Nb and Pb, have shown good s u s t a i n e d performance i n t y p i c a l a c c e l e r a t o r environments, and superconducting b o o s t e r s have o p e r a t e d r e l i a b l y and have accumulated more t h a n 50,000 h o u r s of beam on t a r g e t under minimal s u p e r v i s i o n .
Design Choices
Even a r a p i d survey of t h e f i e l d of superconduct i n g heavy-ion l i n a c s w i l l r e v e a l a wide range i n t h e conceptual d e s i g n s .
T
h i s r e s u l t s from a v a r i e t y of o p t i o n s f o r t h e b a s i c d e s i g n parameters.
The c h o i c e s a r e being made based upon s c i e n c e , technology, economi c s , convenience, and maybe even preconceived i d e a s .
Some of t h e s e d e s i g n c h o i c e s , t h e i r consequences, and
i n t e r r e l a t i o n s w i l l be d i s c u s s e d now.
S t r u c t u r e s
A l a r g e number of s t r u c t u r e s h a s been developed f o r superconducting l i n a c s :
, S p l i t -r i n g [ 7 , 8 1 , 111, I n t e r d i g i t a l [12, 13] , and Half-wave [14, 15] . All but t h e f i r s t two use quarter-wavelength resonant l i n e s t e r m i n a t e d by d r i f t t u b e s through which t h e p a r t i c l e s t r a v e l .
A r e s o n a t o r can c o n t a i n a s i n g l e resonant l i n e ( s p i r a l , quarter-wave, i n t e r d i g i t a l ) o r two ( s p l i t -r i n g , half-wave) and t h e l i n e s can be s t r a i g h t (quarter-wave, i n t e r d i g i t a l , half-wave) o r bent ( s p i r a l , s p l i t -r i n g ) .

Resonators u s i n g s t r a i g h t i n d u c t o r s have t h e advantage of g r e a t e r mechanical s t a b i l i t y and lower
peak s u r f a c e magnetic f i e l d a t t h e expense of a l a r g e r t r a n s v e r s e dimension.
R e s o n a t o r s u s i n g a s i n g l e d r i f t t u b e have a wider v e l o c i t y acceptance while r e s o n a t o r s u s i n g m u l t i p l e d r i f t t u b e s provide a h i g h e r energy g a i n over a small v e l o c i t y range ( a t c o n s t a n t frequency and 8 ) .
A t extremely low 8 , where l o n g i t u d i n a l dimensions a r e so small t h a t s e v e r a l i n d u c t o r s cannot f i t i n s i d e t h e s t r u c t u r e , t h e resonant l i n e can be terminated i n a m u l t i p l e d r i f t tube t o form an i n t e r d i g i t a l q u a r t e rwave r e s o n a t o r .
Mat e r i a l s
From t h e beginning, t h e two m a t e r i a l s of choice have been niobium and lead.
The fundamental supercond u c t i n g p r o p e r t i e s of Nb a r e s u p e r i o r t o t h o s e of Pb; i t s t r a n s i t i o n temperature and c r i t i c a l f i e l d are h i g h e r , i t s s u r f a c e r e s i s t a n c e i s lower. T h i s t r a n sl a t e s i n t o a lower power d i s s i p a t i o n t o a c h i e v e a given a c c e l e r a t i n g f i e l d t h u s reducing o p e r a t i n g c o s t s ; Nb r e s o n a t o r s , on t h e o t h e r hand, are more expensive t o manuzacture.
Both Pb and Nb r e s o n a t o r s s t i l l o p e r a t e below t h e t h e o r e t i c a l l i m i t s and t h e i
n of a few microns of Pb onto a high-thermal c o n d u c t i v it y Cu s t r u c t u r e [16,171. The Cu base a c t s a s a s t a b i l i z a t i o n element a g a i n s t magnetic-thermal breakdown by c a r r y i n g away t h e h e a t g e n e r a t e d a t l o c a l "hot" s p o t s . Improved thermal s t a b i l i t y of Nb r e s o n a t o r s h a s been achieved by t h e u s e of h i g h thermal c o n d u c t i v i t y Nb and e x p l o s i v e bonding of Nb o n t o Cu [ l a ] .
Attempts are being made a t s p u t t e r i n g t h i n l a y e r s of Nb on Cu [ 1 9 ] ; however, because of t h e complicated geometry of low-velocity s t r u c t u r e s , s u c c e s s h a s not y e t been achieved.
Frequency
The a c c e l e r a t i n g s t r u c t u r e s used i n superconduct i n g heavy-ion l i n a c s have lower resonant f r e q u e n c i e s t h a n t h o s e used i n high-energy
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The r e s o n a t o r s and c r y o s t a t s a r e s m a l l e r 0 Higher frequency r e s o n a t o r s a r e e a s i e r t o phase s t a b i l i z e Nb s t r u c t u r e s o f t e n have resonant f r e q u e n c i e s which a r e lower t h a n t h o s e of Pb s t r u c t u r e s .
There i s no fundamental reason why i t should be so, but i t i s mainly due t o h i s t o r i c a l reasons.
Phase Control
Phase c o n t r o l which once was thought t o be a major drawback of heavy-ion superconducting accelerat o r s i s n o t an i s s u e anymore w i t h t o d a y ' s c a v i t y d e s i g n s , f r e q u e n c i e s , and a c h i e v a b l e g r a d i e n t s .
On t h e o t h e r hand, i f a way was found t o d r a m a t i c a l l y i n c r e a s e t h e a c h i e v a b l e g r a d i e n t s , t h e n phase c o n t r o l could become an i s s u e a g a i n , e s p e c i a l l y f o r t h e lower frequency s t r u c t u r e s .
Phase s t a b i l i z a t i o n i s u s u a l l y accomplished i n one of two ways.
One way i s by u s i n g an e x t e r n a l v o l t a g e -c o n t r o l l e d r e a c t a n c e which can be e i t h e r e l e c t r i c a l l y coupled o r decoupled t o t h e r e s o n a t o r s (201. By a d j u s t i n g t h e duty c y c l e between t h e two s t a t e s , t h e average phase of t h e r f f i e l d i n t h e r e s o n a t o r can be backed t o an
e x t e r n a l r e f e r e n c e . T h i s method i s used i n l a r g e , less s t a b l e s t r u c t u r e s .
The o t h e r method of phase s t a b i l i z a t i o n i s by n e g a t i v e phase feedback where no a t t e m p t i s being made a t c o n t r o l l i n g t h e r e s o n a t o r frequency [ 2 1 ] . I n s t e a d , t h e r e s o n a t o r i s o p e r a t e d i n a s e l fe x i t e d l o o p , i t s loaded bandwidth i s a r t i f i c i a l l y broadened by overcoupling and t h e loop o s c i l l a t i o n frequency i s c o n t r o l l e d . T h i s method i s s i m p l e r , i n p r i n c i p l e , t h a n t h e p r e v i o u s one b u t l i m i t e d t o t h e smaller, more s t a b l e s t r u c t u r e s .
Focusing F l o r i d a S t a t e [29,301 Focusing i n superconducting l i n a c s i s u s u a l l y achieved e i t h e r by room temperature quadrupoles l o c a t e d between t h e c r y o s t a t s o r by superconducting s o l e n o i d s l o c a t e d i n s i d e t h e c r y o s t a t s .
The f i r s t s o l u t i o n r e s u l t s i n a l a r g e r number of simpler cryos t a t s while t h e second r e s u l t s i n a smaller number of more complicated c r y o s t a t s .
S t a t u s of Superconducting Booster P r o j e c t s
Argonne N a t i o n a l Laboratory [2,3,421
The ANL superconducting l i n a c was t h e f i r s t and i s s t i l l t h e l a r g e s t of t h e e x i s t i n g machines.
F i r s t beam was d e l i v e r e d i n 1978, t h e b o o s t e r was d e d i c a t e d i n 1982 and ATLAS i n 1985.
The whole machine u s e s Nb s p l i t -r i n g r e s o n a t o r s :
11 of B=.06 a t 97 MHz, 22 of B=0.1 a t 97 MHz and 9 of 8=0.16 a t 145 MHz. 
It c o n s i s t s of 16, 8=0.55, r e s o n a t o r s i n f o u r c r y o s t a t s and 24, B = O . l O , r e s o n a t o r s i n e i g h t c r y o s t a t s . Focusing i s done by room temperature quadrupoles l o c a t e d between t h e c r y o s t a t s.
Phase s t a b i l i z a t i o n i s accomplished by n e g a t i v e phase feedback.
The performance of t h i s machine h a s been l i m i t e d by two f a c t o r s . The ful.1 r e f r i g e r a t i o n c a p a b i l i t y of t h e r e f r i g e r a t o r was not d e l i v e r e d t o t h e c r y o s t a t s , but a f r a c t i o n of i t was l o s t i n t h e d i s t r i b u t i o n system.
Most of t h e s o u r c e s of a d d i t i o n a l l o s s have now been i d e n t i f i e d .
The low B r e s o n a t o r s could not be o p e r a t e d a t d e s i g n f i e l d because of e x c e s s i v e mechanical v i b r a t i o n s ; t h e s e r e s o n a t o r s a r e being r e p l a c e d by quarter-wave r e s o n a t o r s .
Weizmann I n s t i t u t e [261
The Weizmann I n s t i t u t e b o o s t e r p r o j e c t saw t h e f i r s t u s e of t h e quarter-wave r e s o n a t o r s .
It was a small machine c o n s i s t i n g of a s i n g l e c r y o s t a t of f o u r Pb/Cu r e s o n a t o r s (84.95, 160 MHz).
There a r e no p l a n s f o r e x t e n s i o n .
Dedicated i n 1987, t h i s machine u s e s ANL r e s o n a t o r s ( 1 3 Nb s p l i t -r i n g c a v i t i e s ) . The c r y o s t a t s have been redesigned so t h e r e s o n a t o r s a r e p o s i t i o n e d u p s i d e down compared t o t h e i r p o s i t i o n i n t h e ANL c r y o s t a t s .
Saclay [31, 32] The Saclay b o o s t e r i s t h e f i r s t and o n l y machine t o use h e l i c e s .
A l l r e s o n a t o r s have 8=.085, w i t h 16 r e s o n a t i n g a t 81 MHz and 34 a t 135 MHz.
Half of t h e a c c e l e r a t o r h a s been o p e r a t i o n a l s i n c e December 1987, and t h e whole machine became o p e r a t i o n a l i n March 1989.
Phase s t a b i l i z a t i o n i s accomplished by m u l t i s t e p VCX l o c a t e d o u t s i d e t h e c r y o s t a t s .
The c a v i t i e s are immersed i n l i q u i d helium, and t h e helium i s f o r c e d through t h e h e l i x tubing. T h i s machine i s t h e o n l y example of low-velocity s t r u c t u r e s immersed i n l i q u i d .
Kansas S t a t e [331
The unique f e a t u r e of t h i s f a c i l i t y i s t h a t i t i s designed t o be used a s a d e c e l e r a t o r .
I o n s are s t r i p p e d t o a high charge s t a t e e i t h e r a t t h e o u t p u t of t h e tandem o r a f t e r t h e f i r s t few r e s o n a t o r s and t h e n d e c e l e r a t e d by t h e rest of t h e l i n a c .
It u s e s Argonne's Nb s p l i t -r i n g r e s o n a t o r s ( 5 of 8=.06 and 5 of @=0.1).
Daresbury [ 341 T h i s machine s t a r t e d a s an Oxford b o o s t e r made from
10 Pb/Cu s p l i t -r i n g r e s o n a t o r s , p=O. 10, 150 MHz.
The hardware was t r a n s f e r r e d from Oxford t o Daresbury i n 1988 and i s under i n s t a l l a t i o n . The p o s s i b i l i t y of adding o t h e r r e s o n a t o r s t o i n c r e a s e t h e c a p a b i l i t y of t h e f a c i l i t y i s under study.
Japanese Atomic Energy Research I n s t i t u t e [35]
T h i s machine, which i s i n t h e e a r l y c o n s t r u c t i o n s t a g e , w i l l make t h e f i r s t use of t h e Nb quarter-wave r e s o n a t o r s .
T e s t s of p r o t o t y p e s have produced f i e l d s of 6 MV/m a t a power d i s s i p a t i o n of 4 W. P r e s e n t funding c a l l s f o r f o u r c r y o s t a t s of f o u r r e s o n a t o r s each; f u t u r e p l a n s c a l l f o r s i x a d d i t i o n a l c r y o s t a t S.
Legnaro [36]
A l a r g e p r o j e c t w i t h t h e g o a l of adding 36 MV e q u i v a l e n t t o a 16-MV tandem. Bombay [371 and 12 of 8=0.2 i n s i x c r y o s t a t s , a l l o p e r a t i n g a t 150 MHz. I t i s designed t o produce 8=0.3 p r o t o n s , S t i l l i n t h e planning s t a g e , t h i s p r o j e c t c a l l s which i s , a t p r e s e n t , t h e h i g h e s t v e l o c i t y beam produced by a superconducting b o o s t e r .
f o r 11 c r y o s t a t s of f o u r 150-MHz Pb/Cu quarter-wave r e s o n a t o r s i n j e c t e d from a 14 UD p e l l e t r o n . Recent Developments and F u t u r e P r o s p e c t s Following t h e p i o n e e r i n g s u c c e s s e s of t h e Argonne and Stony Brook a c c e l e r a t o r s , t h e l a s t few y e a r s have seen a l a r g e i n c r e a s e i n t h e number of superconducting b o o s t e r s which have come i n t o o p e r a t i o n o r which are under c o n s t r u c t i o n .
The technology, however, h a s not remained s t a t i c , and advances are s t i l l being made.
Some of t h e l i m i t a t i o n s of e x i s t i n g tandem-linac systems, most n o t a b l y t h e a v a i l a b l e i o n mass range and beam c u r r e n t s , are due n o t t o t h e superconducting b o o s t e r but t o t h e e l e c t r o s t a t i c i n j e c t o r .
The major advances which have t a k e n p l a c e r e c e n t l y have been i n t h e area of replacement of e x i s t i n g negative-ion source--tandem combinations by ECR i o n source--superconducting i n j e c t o r l i n a c combinations.
An ECR source l o c a t e d on a high v o l t a g e p l a t f o r m can produce i o n s w i t h h i g h charge s t a t e s and s u f f i c i e n t v e l o c i t y t o be i n j e c t e d d i r e c t l y i n t o a superconducting l i n a c . T h i s approach, which h a s been r e c e n t l y demonstrated a t Argonne [ 4 2 ] , h a s r e q u i r e d t h e development of a new class of low-f requency (-50 MHz) , low-velocity (-0.1 c ) superconducting s t r u c t u r e s 112, 13, 431.
Another approach, which is being i n v e s t i g a t e d a t Stony Brook and s t i l l is i n t h e e a r l y development s t a g e , is
an ECR source-superconducting RFQ combination [441.
A completely d i f f e r e n t a p p l i c a t i o n of supercond u c t i n g heavy-ion l i n a c s , which i s a l s o under i n v e s c ig a t i o n , i s f o r t h e a c c e l e r a t i o n of high-current i o n beams 1451. The i s s u e s which w i l l have t o be addressed are q u i t e d i f f e r e n t from t h o s e r e l a t e d t o b o o s t e r s . For example, i n t h e case of high-current beams, t h e a b i l i t y t o produce h i g h , CW a c c e l e r a t i n g f i e l d s i s mor2 important t h a n power e f f i c i e n c y . I f such high-current superconducting i o n a c c e l e r a t o r s come i n t o e x i s t e n c e , they w i l l be q u i t e d i f f e r e n t i n t h e i r d e s i g n philosophy from t h e superconducting b o o s t e r s which are now i n e x i s t e n c e .
The superconducting r f technology f o r i o n a c c e le r a t o r s i s now e s t a b l i s h e d , widespread, and w e l l proven.
A t t h e same time t h a t t h e number of construct i o n p r o j e c t s i s i n c r e a s i n g , advances a r e being made i n t o new a r e a s of a p p l i c a t i o n of t h e technology. 
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